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Structural Synthesis 


Introduction 


1 | The purpose of this chapter is to describe the steps that must be taken in the creation of the 
design of the structure of a ship, as well as the processes that may be used to ensure that the design 
‘s consistent and will meet the operational requirements and acceptance criteria. Analysis 
techniques will be discussed in subsequent chapters but here the means of initial synthesis and 
development to a viable structure will be covered. 


2 The conception of a ship design does not require any detailed consideration of structure, 


‘ndeed at the earliest stages the aspects of the design which are under discussion may not form a 
hat type of vessel, for example monohull of 


consistent or viable set and it may not even be clear w 
SWATH (small waterplane area twin hull), is to be the solution. As stated in Chapter 1, it is 
that the fully developed structure will place 


important that the designer 1s aware of the restrictions 
on his design in terms of space, weight, structural continuity and cost, but no more than that. 
Structural synthesis really commences at the end of what is defined in Chapter | as initial design 


and the bulk of this chapter will concentrate on the first iteration onwards. However, guidance is 
also given on ways of estimating structural weight and centre of gravity at the initial stage. 


t this chapter without being precisely defined. In 


fact, at the initial design stage the work is likely to be carried ont entirely soll pa 
designer but, as the definition of the new design emerges, the work will increasingly be carried oul 
by the chosen shipbuilder or design consultant, with the owner keeping a watching brief. At oe 
contract definition stage it 1s likely that the majority of the work will be done by the fae er. 
This distribution of responsibility is awkward to control and the project design aut ority must 


take special care to ensure continuity and consistency of design philosophy. 


3 The term ‘designer’ is used throughou 


ot be covered explicitly 4s it is dependent on too many factors 


outside the strict control of the structural designer. Nevertheless, cai pasta’ heres 2 
designer can do to keep costs down ane, Oe ete ae . ones el eos if a 
simple’. Unless very unconventional materials are to be used, the cos oe euiie sonnet 
small proportion of structure cost and an even smaller Lola snc it easy to build so as 
warship. Consequently, the way t© minimise the cos! ae Lalit the construction of small 
to minimise labour costs. Labour man-hours are expended ae ae d stiffener, especially in 
complex parts and in welding together many short lengths of - a seta pee le which 
restricted spaces as described by Usher and Dorey (1982), as well as pairing § 


_ has been damaged or distorted in the assembly pr ocess. Provided that the extra ee pn sae 
| allowed Ric at the etal stage of design, it is clearly preferable from the point o 


4 The cost of structure cann 
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atively heavy with thicker plate and 


fabrication cost to make the structure rel ‘a 
voiding complex shapes and ch 


| . a Minimum of 
connections and stiffeners and, in particular, a 


. Clion 
. pet ge eR: thi -constraints of the over; oT . At 
the same time, if it can be managed within the const! Ants C rall design, the extent of ligh 
internal structure should be kept to a minimum, as it is difficult to assemble and keep flat and wilt 


tend to take load from the main structure for which it ts not designed and so will become distorteg 
It also reduces the size of spaces and makes access for construction more difficult and COStly ks 
an alternative to built-in minor structure, non-loadbearing partitions which are fitted after te 
majority of the major structure 1s completed should be considered. Note that the Coa 
recommendations on weight apply only to monohull displacement vessels and not to ships such es 
high speed planing craft for which weight minimisation is essential. 7 


5 A check-off list is included at the end of this chapter as an aide-memoire to the designer on 
the tasks required to be undertaken at each stage. However, the stages are never as clear cut ac 
they may appear and there will always be a need to backtrack and to conduct local iterations 
around detailed aspects of the design. The important point is that all the tasks should be completed 
in a consistent manner so that the design process results in a well coordinated structure. 


Initial Design 


6 The initial design phase consists mainly of exploring a number of concepts in relation to 
the operational requirements and the results will be described in terms of overall dimensions, 
weight, space and rough layouts as well as some parameters such as curves of area. As suggested 
above, the only impact of structure at this stage is to ensure that the weight and centre of gravity 
estimates are reasonable and have sufficient margins to enable a satisfactory structure to be 
designed at a later date without invalidating the balance between weight and volume. Any layouts 
must also allow adequate continuity of the primary structure, and dimensions such as deck height 
must leave space to fit adequate stiffener scantlings. It is important also that the length to depth 
ratio of the hull (including effective superstructure) should not normally be allowed to increase 
beyond about 12.5 and should only be greater than 14 in exceptional circumstances, as it then 
becomes very difficult to provide efficient longitudinal structure within normal space and weight 
constraints. At the other end of the scale, as length to depth ratio reduces below about 8 oF 9, 
secondary loads rather than primary loads begin to constrain the minimum scantlings. 


7 The simplest and most reliable way to make estimates of structural weight is to scale ae 
one or more type of ships for which the structural weights are accurately known. (It is pot go" 
practice to scale from another concept design which has never been completed or built, & 2 
inaccuracies or inconsistencies will not have come to light. Estimates based on estimates * 
always risky.) The scaling may either be done from the overall structural weight oF one 
individual components such as decks and bulkheads or indeed, in the case of decks, ff ne 
area to give adequate space. If scaling from the overall weight, care must be taken (0 make peas 
allowance for discrete numbers of components, for example as hull depth increases the 9u ri 
and weight of decks will only increase when an integral number of deck heights 1s aes 
same applies, although not so precisely, for a number of bulkheads in a given ship lene” 
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: ur items 

sthe bottom BL*/(Dva,) or LBY(T/o,) Whichever is the greater 

Hull sides LD/Vo, 

Upper deck BL4(Dvo,) 

Effective superstructures BL?L (DYo,) 

Short superstructure (B+2d jL, L, is length of superstructure, d, 
is height of superstructure 

Internal decks LB 

Transverse bulkheads BD* 26, 

8 Table 6.1 \Vists recommended weight scaling factors for conventional monohull vessels. 


Similar factors will be contained within commonly used concept design computer programs and, 

even if such a program is to be used to estimate weights, the factors in Table 6.1 are still valuable 

as a guide to the designer on the influences of changing dimensions. The listed factors are derived 

partly from experience but mainly from simple geometric considerations, and direct geometric 

methods may also be used for scaling centres of gravity. It is important, however, that the 

structural components used as a basis for the scaling exercise are a consistent set and ideally 

should be from the same ship. If taken from different ships it is essential that the type of structure, 

for example longitudinal or transverse framing, or the use of Tee sections or bulb flats for 

stiffening, should be the same in all the type ships, and that the same structural acceptance 

standards have been used. Where it is not possible to find a single suitable type ship then the best 

| approach is to use the smallest possible number to span the desired characteristics of the new 
| design and to scale from each separately, comparing the results. If the results are reasonably 
close, say within 20% of each other, then they may be averaged; if there is a marked discrepancy 

between results for any component then a detailed investigation will be needed to discover why, 

and it will usually be found that either there 1s a data error or that one or more of the type ships is 

inappropriate for the particular application. Never ignore unexplained differences as there will 

_ always be a good reason which could strongly affect the new design. In all cases where scaling 

from type ship data is used, care must be taken that the type ship weight groupings are the same as 

a“ _ Although it is suggested above that results from different sources may be averaged, it is 
_ itical that adequate margins are allowed for subsequent design development. It is not possible to 

(ta lay down firm guidelines for such margins and the designer must use common sense, however, 
Mound 10% is probably reasonable at this early stage. Some guide may be derived from the 
cM ae if more than one type ship is used, and it may be better to take the worst result 
4 small margin rather than the average with a larger margin. However, beware the trap of 
ENG the wors as : for some components and the average for others, and so deriving yet another 
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10 The above factors apply strictly to conventional monohull vessels, The Sainte Gass 
will apply to scaling from any other type of hull although there is likely to be rather lose nels 
hard data and so margins will need to be considered with some care. In addition, “ee 
may be different on other types of hull, for example transverse rather than longitudinal te: loads 
dictate SWATH scantlings as discussed by Sikora et al (1983), and so the Parameters in the , loads 
factors may have to be modified. In the extreme, where there are no suitable type ships, of re: 

scaling factors cannot be deduced, it will be necessary to estimate weights from first oda es 
that is, to make a first shot at scantlings based on the size of the component in question an ; 2 
likely loads, and to calculate the mass. In this case fairly large margins, either in Scantling sizes : 
on the weight estimate, will be advisable. Clearly, in these cases more iterations in the sisi 


process will be needed to converge to an acceptable solution. 


Synthesis at First Iteration 


11 The remainder of this chapter will assume that a conventional monohull structure is to be 
pursued although similar techniques may be derived for other configurations. In the main, the 
analysis methods presented in subsequent chapters will be applicable to any configuration of 
structure provided that a reasonable estimate of the critical loads can be made. 


12 A number of parameters will be decided at the end of the initial design of the ship, 
generally as preferred values within a range. These parameters will include: 


Length 

Beam 

Draught 

Displacement 

Prismatic coefficient 

General profile (approximate position of deckhouses, etc) 
Waterline shape 

Curve of areas 

Number of continuous decks. 


13 The object of the first structural iteration is to create a structural description and to slit 
it to the point where reliable estimates can be made of the weight and vertical bending pen P 
the primary structure and their distribution along the length of the ship, together with a ene 
axis position and the centre of gravity. These estimates now relate directly to the van i 
designed and will have diverged from the type ships originally considered. Jn i 
description must be consistent with the layout that has been developed, partieolie) oyat the 
heights, structural continuity and superstructure effectiveness, and must be a cceptanc® 
subsequent detailed design of the structure, which will have to meet predefine 
criteria, will match the description within expected tolerances. 

file thal 
14 The first task is to sketch a rough structural profile developed from the pole = 
will already have been defined. The purpose of the structural profile is to define 
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‘With the depth of the main hull all bear on t 


jongitudinal structure for subsequent estimating and design, and to ensure th: 
-ontinuity is being maintained. In particular, it is necessary to ensure ° m 
strength) deck and the inner bottom, if fitted. and to make sure th 
ended on bulkheads or deep transverse structure. If the superstructy 
{o contribute to primary strength then it must have main transverse b 
at not more than 15 m intervals along its length, and these Intermed 
least one deck height into the superstructure (su 


detail in Chapter 8). It is also necessary that a ma 
and in these contexts a main transverse bulkhead is defined as one extending at least two deck 


heights from the point of load. If the positions of masts are known then these must be stepped on 


stiff structure extending down at least two deck heights. For more details of the requirements for 
continuity see paragraph 40. 


adequate structural 
€ continuity of the upper 
at superstructure blocks are 
re is to be fully effective and 
ulkheads under both ends and 


lat€ Supports should extend at 
perstructure requirements are discussed in more 


in transverse bulkhead is sited at the after cut-up, 


15. Tocomplement the structural profile, a sketch of the upper deck will be necessary to define 
the arrangement of holes for uptakes, downtakes and other significant access openings as these 
will affect the extent of primary structure. The holes should be arranged, as far as possible, in a 
block running fore and aft and with their long dimension lengthwise; small holes should be 
positioned so as to be in the ‘shadow’ area of larger holes as indicated in Figure 6.]. See also 


Chapter 12 and Figure /2.4 for a more precise definition of shadow areas and the optimum 
arrangement of holes. 
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Figure 6.1 Well Arranged Holes in a Strength Deck 


in paragraph 14 and the philosophy of super structures needs to i ssa Re : suerte 
Possible to lay down simple rules on whether a <2 pete ‘ ther i is to be regarded as 
effective and designed as the upper flange of the hulliguder rs oe a it hee minimised, The 
ineffective and design in such a way that stresses 1D a co asin 


dth and height compared 
itudi | its general proportions, brea 
wie giecame neato nanan neta he question. Furthermore, the balance between 


Structural topweight and stability will also have to be considered. These aspects are discussed in 


more detail in Chapter 8. 
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17 Because the slamming component may raise the bending moments jn the fore 
level of those amidships, as discussed in Chapter 3, it is necessary to design the Struct 
strong at about 0.15L from amidships as it is at amidships. Therefore, however elficie 
there is little point in treating the superstructure as a major strength member unle 
some distance forward of 0.15L forward of amidships to some way abaft amidships. Additio 

wherever the ends of the superstructure are, they always constitute major structural diner” 
tinuities which are difficult to design efficiently and are likely to be a source of fatigue Pas 
throughout the life of the vessel. Consequently, it is better to have the majority of the rien 
volume within the main hull and to have the minimum of erections on the upper deck. Which can 
then be integrated with internal supporting structure without too much disruption to layout. If, for 
reasons outside those concerned with structure, it is necessary to have a large volume of 
superstructure, then it will usually be structurally more efficient to arrange it as a single block and 
to use it as part of the hull girder. Many short deckhouses will provide a larger number of 
discontinuities, and arranging supporting bulkheads at the ends of each will be a Significant 
constraint on the layout. The only alternative, as suggested in Chapter 5, is to use a low Stiffness 
material such as fibre reinforced plastic, in which case the strains in the steel upper deck when 
passed to the superstructure only give rise to very small stresses, and the deckhouses may be 
considered as a first approximation to be structurally decoupled from the strength deck, 


body tO the 
UTE to be ac 
nt it May be 
SS it extends 


18 Having decided the general configuration of the primary structure the next stage is to 
estimate in some detail the weight of that structure. There are two main routes that may be 
followed: 


a. The most common method involves an initial estimate of the primary bending 
moment followed by a direct synthesis of a number of structural sections to provide 
adequate strength to resist the loads, taking the hull as a simple beam. 


b. The second method assumes that the geometry of the hull defines the strength and 
weight with only one significant lengthwise varying parameter based on equivalent 
material thickness, and then adjusting that thickness and weight in an iterative manner 
until a match between strength and load is achieved, finally synthesising sections to 
give the required equivalent thickness. 


Both these approaches are described in the following paragraphs. 


Estimation of Structural Weight - First Method 


Bee . ‘no moment, 

19 Chapter 3 presents a number of methods for prediction of vertical wave spuseiae dit 

but the majority of the procedures require a detailed knowledge, at the least, oe if : jesign; 
e 


mass distribution of the ship, which is not yet available at the stage so far reac caformation on 
even if there is adequate information on the non-structural weights, there 1s still no nto caste 
the distribution of structural weight. Consequently, the estimation of bending aa” jist in 
this stage, be based on displacement together with any relevant parameters sir ised, a8 
paragraph 12. As very much a first approximation, John’s (1874) formula may | 
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described in Chapter 3, paragraph 9, oes: 
which should be applied are far ios ok steer ‘© warships is doubtful 
ar. Better expressions based « ul, and the margins 
om strains measured at sea on modern warships - a ee based on bending moments teed 
: - as Toll S Gerive 


aneeshatti oy 


OWS: 
(6.1) M,,,, = (gAL/100) (9.0 - 0.02L - 0.5 x 10-422) 
(6.2) M,,, = (gAL/100) (3.0 + 0.02L - 1.1 x 10-412) 


where M,,., Myn are the statistically expected saggi 

LWL in metres, I siti cata: Wey | Say gging and hogging wave bending moment 

increases through life and te ME 1 OIE including any margins ie pes: oe 
Bett a iald. to Satue : : ) a in the same units as the bending moments. Note that both 2 
applied: usually it i oe ending ABO ON and an appropriate sign convention must be 

Laat LAE RR hogging. The constants in the expressions are derived from fitti 

to plots of bending moment against length for ten ships of various sizes and spans 
generally conservative estimate. and should provide a 


0 atone ant 2 gn te sail cece wav nin ome 
; g moment a suitable factor must be used, as 
discussed in paragraph 29 of Chapter 3. and then the still water bending moment must be added 
The estimation of still water bending moment is no easier than for wave bending moment but, as it 
is usually of much lower magnitude, precision in its estimation is less critical. The simplest 
method is to carry out static balance using the buoyancy distribution derived from the curve of 
areas and a mass distribution which 1s based on constant volumetric density, allowing for any 


known concentrated masses. 


| 21. ~—A suitable procedure for estimating the mass distribution curve is as follows: 


at sufficient sections to define the new shape, an area 
flare so as to estimate the area up to the upper deck 
dal hull shape above the 


4. Add to the curve of areas, 


defined by the freeboard, beam and | 
and draw a fair line through it. (An assumption of a trapezol 


waterline is good enough.) 


rea to allow for the superstructure volumes. 


b. Add to the curve blocks of a 


c. Find the volume and centre of volume of the new area curve. 
‘ch should both ‘nclude all margins) any 
or minesweeping winches, gun mountings 


turbines and all variable weights 


d. Deduct from the disp! 
known heavy masses such as towed array 
or diesel engines (lower density items such as gas 
including liquids may be ignored). 


e at Cc. and the reduced mass at d. 


e. Calculate the mean density from the volum 
y from €. t0 give a curve of mass/unit length. 


f. Scale the area curve from b. by the densit 
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iss/unit length curve to give the correct reduced Lc 
7 : -, , = 4 J 

s is given by ¢ halmers (1982) and is ‘ simpl 

e x coordinate of each ordinate so that the 


‘Swing’ the ordinates of the mass/ 
from d. (a method of swinging ordinate 
athematical technique for adjusting th : | | i 
ass distribution curve IS maintained, but the centre of area js moved to the 


g. 
m 
under the m 
required position). 


correct ordinates to provide the 


h. Add back the concentrated masses at the cae 


predicted mass distribution curve. 
i. Integrate this curve to check that the displacement and LCG are as expected, 
Clearly the mass distribution derived in this way may also be used to estimate wave bending 
moments by balancing on a wave of appropriate height. However, the accuracy 1s not predictable 
and the use of formulae such as those in paragraph 19 1s always recommended, based as they are 
on measurements from sea. 


22 The design bending moment at amidships may now be extended to cover the full length of 
the ship using a standard distribution; a so-called ‘(1-cos)’ distribution is probably as good as any, 
that is, in this context 


(6.3) M.=M,, {1 + cos (2mx/L)}/2 


where M, is the bending moment at any point x along the length (amidships zero), and M, is the 
bending moment at amidships, either sagging or hogging. However, the effect of slamming 
extends the maximum bending moment forward of amidships as described in Chapter 3 and as 
indicated in Figure 6.2 where the chain dotted line should be used for design purposes. 


oon eee Oe, I These Bending Moments 
h,/ include the siamming 
component and may be 


* assumed to act separately 
; from the Shear Force. 





DESIGN BENDING 
MOMENT DISTRIBUTION 
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aint v mt should’ be Bending Moment should be a a 
és o” act simultaneously| assumed to act separately | Sood 
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Figure 6.2 Distribution of Design Vertical Bending Moments 
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33 With a design bending moment available 
assuming beam theory to calculate the required section modulus if a suitable all 
available. A material will have been chosen using the guidelines of 
ductile one such as steel, as it most likely will be, then th 
mixture of yielding and buckling, as will be describe 
strength of the material is the only relevant property of t 
detailed design and so it is necessary to base the accept 
itis possible to take some account of the style of struct 
the closeness and complexity of the stiffening (see Pp 
compressive stresses (which 


at any section along the hull it is a simple matter 


owable stress is 
Chapter 5: If the material is 
€ critical modes of failure wil] be a 
d in later chapters. However, the yield 
he structure which is not dependent on the 
able stresses on yield alone. Nevertheless, 
ure if any decision has so far been made on 


aragraph 4), and recommended maximum 
are the limiting stresses in a conventional stiffened plate structure) as 
a proportion of the yield stress are given in Table 6.2: the reason that the stresses permitted in the 


bottom are lower than those in the deck is because of the influence of lateral pressure. Note that 
the stresses in the table are those arising from an extreme bending moment that has a low 
probability of being exceeded, such as that derived in paragraphs 19 and 20 above and paragraphs 
28 and 29 in Chapter 3. If these stresses are not exceeded then design to resist buckling should be 
possible without too much difficulty when this aspect is investigated later during the design 
process. It may, however, be desirable to design to lower stresses if there are likely to be 
significant stress concentrations in the structure, so that an acceptable fatigue life can be achieved, 
as described in Chapter 13, and in this case a maximum stress range (maximum hogging to 


maximum sagging) in steel of 300 MPa is appropriate, in addition to the recommendations of 
Table 6.2. 


TABLE 6.2 | ee 

Maximum Longitudinal Compressive Stress at First Iteration as a Fraction of Material Yield Strength 
Strength Deck Bottom 

Closely stiffened structure b/t < 60 0.65 0.54 

Conventional warship structure 90 > b/t > 60 0.57 0.43 

Widely stiffened structure b/t > 90 0.43 - 


. 4 > 1c 7 3S 
(b is stiffener spacing at right angles to the applied stress and t is the plate thickness) 


24 If a non-ductile material is to be used, such as fibre reinforced plastic, ue aires 
allowable tensile stress should be 20% of the design tensile strength of the materia eee : 
stiffening arrangement, as surface cracking of the resin matrix will occur cok - i pabesi 
tensile strength, allowing water take-up and degradation of io seslity | 5 is : sas 
conservative than the proposed margin in paragraph 52 of Chapter 5 for slowly varying 

is appropriate for this early stage in the design. 


25 Using the beam bending formula Z = M/o, the section gone for venenaies ies i 

how be found, and the next stage is to fit a structure to those modult ie cs ic i Laie 

unit length can be estimated. It is possible, by making ak nee fr en rite dimensions 

of material around the section, to derive a value of weight directly from a Shad ea 
4nd the section moduli. However, the algebra is tedious and more Importantly 1 


both the deck and bottom values of Z are not satisfied simultaneously; one is always larger than 
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Figure 6.3. Idealised Section Shape 


necessary to achieve the other. The best, if not the only, way forward is to fit a structure to the 
section shape by trial and error; the shape need not be the true one, indeed a simplified shape as 
shown in Figure 6.3 is quite adequate, and it 1s not necessary to include stiffeners at this stage. An 
equivalent thickness of material including plate and ‘smeared’ stiffeners is sufficient to provide 
acceptable values of modulus, although clearly the thickness used must be realistic in terms of 
reasonable plate and stiffener size and spacing; this may mean overmatching the requirement, 
especially near to the ends of the ship where a minimum equivalent thickness of 8 mm is 
recommended, or more, say 15 mm, if the ship is to operate frequently near to the polar ice sheet 
(but see also Chapter 4 concerning ice operations). Remember also that the section must include 
any effective superstructure and holes in the decks when calculating the modulus, but all 
ineffective material or an assumed allowance for it must be included in the calculation of weight. 


26 Enough sections are synthesised in this way to generate a plot of weight per unit length 
(that is, material area in a section multiplied by material density), and then the integral of this 
curve is the longitudinal structural weight, and its centre of area is the LCG of the same structure. 


27 __- For material that does not contribute towards primary longitudinal strength similar, but 
simpler, synthesis procedures may be followed. For example, for main transverse bulkheads the 
load is estimated from the maximum damaged waterline that the bulkhead will have to withstand, 
and a simple beam calculation undertaken for a single vertical stiffener and associated plate 
over the maximum span between decks to establish the required scantlings and spacing. Its then 
assumed that these scantlings will apply over the whole of the bulkhead area, but a sm 


enhancement may be desirable to allow for bulkhead design to resist explosive loading, 
discussed in Chapter 9. 
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that. ae $ available for a complete synthesis of structur g from scratch. With 
gravity for entry to the second iteration of the design ctural weight and centre of 


Estimation of Structural Weight - Second Method 


29 +The second method o ievi ee te os 
described by Chalmers BEADS and bse canes Na a peer: eee ‘ 
snethod described above, although it has « he re dvantages over the more traditional 
€ ough it has a disadvantage of requiring much more in the way of 
complex calculations and can only be carried out with access to the relevant computer peta 
The advantages oe that it is possible to obtain structural stiffnesses and effective auntie 
weights at any section directly without the need for synthesis, relying on the fact that stiffness 1s 
strongly related to geometry but, for conventional structures, is not strongly related to distribution 
of material around the section. This then provides enough data on hull properties for dynamic 
analysis to be carried out. Estimates can be made of the response of the ship to wave and 
machinery excitation at a time in the design when it 1s possible to make changes and to avoid 


undesirable responses, or indeed to highlight undesirable excitations. 


30 The procedure starts in the same way as before, as described in paragraphs 12-18. 
However, at that point the data listed in paragraph 12 is used in association with sections idealised 
as shown in Figure 6.3 to calculate the second moments of area and neutral axis for a number of 


different equivalent material thicknesses around the girth. These material thicknesses are related 


to a parameter Cy, the effective structural weight coefficient, defined as the ratio of the weight of 
‘s assumed constant along 


longitudinally effective structure to deep displacement, which initially 


the length. For practical purposes C,, always lies in the range 9.08 to 0.16 and so it is not 
Iculations. Expressions relating beam stiffness properties to 


necessary to carry out too many C4 | 
seometric parameters and to Cy are presented by Chalmers (1988(b)) and have been incorporated 
f tables of second moment of area and 


into a computer program which outputs data in the form 0 
height of neutral axis for each section along the length, for five values of Cp. 


plotted against length as shown in Figure 6.4 for second 


moment of area about the neutral axis (L,,) which also shows the actual line of the second moment 
of area for a particular ship. It is now necessary 10 take a number of representative Sections, 5 
knowing a range of values of modulus ([,,/distance of neutral axis from deck or secant : 
maximum allowable stress from Table 6.2, and the bending moment distribution estimal J as 
described in paragraphs 19-21, to calculate what values of Cy are acceptable at each ae 
interpolating between the values of L,, as necessary. At this stage, the provide = apap pi pert 
to the structure and to leave room for refinement at later stages, It 15 better to keep the 


31. These computed values may be 


| be seen that they 


ther it wil 
n are collected toge well as the 


Sts When the solutions for each sectio along the length as 


_ Comprise distributions of moduli and stiffness (7) ‘“ 
Me on ibution . of effective sBuaties weight coefficient. The former may he used to carry out 
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Figure 6.4 Second Moment of Area for Various Values of C,, 


dynamic analysis of vertical vibration of the hull as discussed below, while the latter can be useq 
to calculate the effective structural weight. In fact, effective structural weight is the area under the 
C,, curve multiplied by A/L and the centre of area is equivalent to the LCG of the same weight. [1 
only remains to add in the non-effective and transverse structure as described in paragraphs 27-28 
to achieve an estimate of the total structural weight as before. 


33 A detailed example of how to use a dynamic analysis to check on and to adjust hull 
resonant frequencies is presented by Chalmers (1988(a) and (b)). It involves computing mass and 
stiffness influence lines for the lower vertical vibration modes and estimating from these what 
changes would be necessary to alter the resonances to avoid known excitations. The advantages 
of such an approach, which is not practicable with the first synthesis method because of the 
number of different sections required for a full representation of the dynamic performance of the 
hull, are as follows: 


a. It enables conscious decisions to be made on the feasibility of changing the hull 
response to avoid exciting frequencies. 


b. Conversely, it enables the hull designer to put pressure on equipment designers ie 
avoid particular exciting frequencies, or to provide equipment that is not sensitive '° a 
particular frequency, using numerical evidence. 


. . ; i be 

c. With a knowledge of likely mass changes over the life of a ship the designe! i . 

aware of how resonant frequencies are likely to change and can predict any eer 
take precautions against undesirable excitations long before they become pn 


bs ffecting 
d. The effect on resonant frequencies of specific changes to the ship, either S 
mass or stiffness, can quickly be estimated. 
a glistiC 
sitive (0 
omise I? 


Another useful conclusion of 
changes in mass and stiffn 
any mode it is unlikely 
original intention. 


the reference is that mode shapes are very ins rm 
ess, So that once an equipment is positioned to avoid large 4 
that subsequent changes or growth in the ship will Aiba 
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pesign at the Second Iteration 


Atthe end of the first iteration good estimates of the dj 
af the design will be available. An approxim © displace 
which contains a breakdown into the main we; 
and the hull form, profile and upper deck layout 
of the second iteration 1s to provide firm structural Weight, sp: € detail. The ai 
and, to achieve this and, indeed, to complete the structura 
necessary to start on the detailed design of the major 





ght StOups (as defined in the shi 
Will have been developed in som 


design in a proper timescale. ; 
structural components, : 
35 The first task is to refine the estimation of the design vertical bendin moment 

forces. Using the mass distribution developed during the first iteration and fi nao a me 
the full methods of Chapter 3 may now be invoked. comprising either static balance i a we 
theory calculation. Whichever method is used the result ite 


a eae should be a bending moment and shear 
force distribution which has a known low probability of being exceeded in the life of the ship. 


36 It is next necessary to estimate the efficiency of the superstructure and to make a final 
decision on whether it is to be regarded as part of the primary hull girder. The procedure for this 
estimation is given in Chapter 8 and the outcome of the calculation is a distribution of efficiency 
along the length of the deckhouse. Even if the structure was originally expected to be effective, if 
the maximum efficiency along the length is less than 75% then it is advisable to continue the 
design as if the superstructure were ineffective. Whether the superstructure is effective or not, 
unless it is of alow modulus material, it will still take load from the deck and stress concentrations 
around the ends will result. The supporting arrangements to the superstructure should be 
reviewed to ensure that there is adequate stiff structure underneath, as required by paragraph 14 
and, if necessary, or indeed possible, the number of superstructure blocks should be reduced sO as 
to achieve either minimum above deck volume or a single, long, structurally effective block. 


37‘ The next step is to make a first attempt at the detailed scantlings is Ra ria i 
procedure for assembling adequate scantlings is given In ae is es ns 2 some assumptions 
the General Arrangement of the ship will still be somewhat fluid at this ae acta 
will need to be made on the overall sizes of deck grillages, and nae ei ieee dat flexibility 
lo be large and if possible between main transverse boien® % i eu the original structural 
in layout of minor structure, especially as later in the life of the ei is rearranged to suit new 
Philosophy is likely to have been forgotten it may be that minor rulers for the most efficient 

equipments or layouts. This approach runs counter to the a splitters, but is a more practical 

lightweight structure where minor structure should act as Lerampigr dame “ne partitions (see also 

Solution as well as permitting the use of lightweight non- 

Paragraph 4), 


38 The d nen Be a . 5’ at 
) efinition of ‘critical section an 
| ons ledge 
ae em The purpose is to provide ised cae s should be defined from rh : a 
_ likely to dominate the scantlings. Ideally, of course. scant mie ald clearly be impractica . oe 
of the applied stresses at all points, but such an arrangemen direct contradiction [0 the nee a é 

_ Would involve continuous changes in scantlings enone reasonably constant along the 
re Sib, cheap structure. Scantlings should therefore bE 


; eds some 
hich scantlings ate required ne ‘oe aire 
eras at each section where stresses 
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half length of the hull allowing the properties to change due to changes in beam and draught o 

while in the end quarters scantlings will be reduced in fairly large steps Consistent with the g ; y, 
loads. However, scantlings should not be reduced too rapidly at any one section and. for eee led 
stiffener sizes are best not changed at the same section that plate thickness is reduced. There 
then be sections along the length where there are step changes in the section modulus, and it Oy 
weaker sides of these changes that are defined as critical sections. Note that these CTitical oe : 
will also include points just outside large superstructure blocks and across large holes ee. a 
holes. Although there will not necessarily be a critical section at amidships, it is usual to take ive 
at or near that section because the design bending moment is at a maximum. 





39 Having created the scantlings at the critical sections and carried out simple checks On the 
local as well as the overall strength as described in Chapter 7, the weight of each section should be 
calculated and, from a knowledge of depth and beam and where it Is intended to step down the 
scantlings towards the ends, a plot of weight per unit length can be prepared. This plot should be 
compared with that derived from other criteria at the previous iteration. It is likely that it will be a 
little lower than the earlier estimate if proper margins were used; if there is any significant 
divergence then the reason should be investigated and explained before any further progress is 
made. When the new distribution of weight is accepted it can again be integrated to give structural 
weight and LCG, but a margin is still necessary, of the order of 5%, to allow for detailed additions 
as the design develops. 


40) During this stage of the design the General Arrangement of the ship will be developed in 
some detail, to the extent that little significant change will be possible at a later date, so the 
structural designer must keep a close eye on progress and ensure that structural continuity is not 
sacrificed to ease of layout. In particular the following requirements must be satisfied: 


a. The upper deck should ideally extend from stem to stern without a step. If a break of 
forecastle is inevitable it must be as far abaft amidships as possible and must be 
supported by a main transverse bulkhead. Further information on the design of the 
break of forecastle are given in Chapter 12. 


b. The inner bottom of a double bottom structure must be continuous over its whole 
length even if that involves sloping portions and some loss of fuel capacity. 


c. Major longitudinal bulkheads must also be continuous over their length. If they &* 


not straight then any changes in direction must be located at major tansvels 
bulkheads. 


cturally | 
nlikely | 
e deck 


d. The end bulkheads of ail superstructure blocks (whether considered stru 
effective or not) must be located over deep stiff transverse structure and 11S 8 
that the structure will be stiff enough if it does not extend down by at ie i ansverse 
height. The ends of structurally effective blocks must be supported by main ae : 
bulkheads extending downwards a distance more than 50% of the 0 e sided 
deckhouse and of the full width of the hull. (In the case of a structurally eee mus 
or narrow deckhouse such as an aircraft carrier island, the supporting pe ) 

__ ©xtend away from the deckhouse to the nearest main longitudinal struct" 


ice 


eres 
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i. must be an adequate number of transverse bulkheads supporting long super- 
ctures, generally not more than 15 m apart and extending at least one deck height 


into the superstructure. The number of supporting bulkheads affects superstructure 
efficiency as indicated in Chapter 8. 


g. A main transverse bulkhead must be sited at the after cut-up extending upwards by at 
least half the waterline beam at that section. 


h. Machinery uptakes and downtakes, equipment removal routes, hatches and all other 
openings must be arranged in such a way that the longitudinal strength of the hull is 
least affected. Usually this means concentrating openings on the centreline of the 
ship, which then makes side passageways undesirable because of the tendency for 
hatches to be sited abreast of larger holes rather than between them. Another reason 
for avoiding holes near the ship’s side is that the deck stringer strakes are relatively 
highly stressed compared with centreline strakes. 


j. Wherever possible, weapons, sensors, masts and other concentrated loads must be 
sited over main bulkheads to provide adequate stiffness. For larger items such as 
heavy gun mountings or box section masts, a single bulkhead support may not be 
sufficient and a cruciform, ring or U shaped support is likely to be needed to prevent 


: rocking motions. 


k. Note that while rules for continuity of structure will be different for SWATHs and 
other novel vessels, similar principles to the above should still be followed. 


41 The location of minor structure can be arranged to provide support for heavy items, but if 
it is so used it is essential that load paths are worked out and that all the gravitational and inertial 
loads, especially those due to explosive loading (see Chapter 15), are carried through to stiff 
structure. For example, pillars, which are only used for this purpose, must end either on a major 
bulkhead or on stiff bottom structure. Where minor bulkheads are used, the load can be diffused in 
shear (see Chapters 9 and 10) provided that there 1s adequate stiffening to carry the load to 
surrounding structure without causing buckling. Except as discussed in paragraph 37, minor 
bulkheads may also be used to break up large deck spans and to allow a reduction of deck 
scantlings: in such cases it is obviously essential that the minor bulkhead is never subsequently 
moved or otherwise altered during the ship’s life, and is cunt enough e take secondary loads 
without suffering local buckling or cracking. The loss of a ‘panel splitter’ has a drastic effect on 


panel buckling strength as indicated in Chapter 7. 


st assessment of the detailed design of structural sections is complete, and the 


42 When this fir llars have been settled, it will be necessary to reassess the 


requirements for minor bulkheads and pi 


HS 
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space required for the structure and to ensure that all compartments are How ltr 
allowing for all expected lagging or lining. If there appears to be insufficient | 


tie (" 
Mi igh, 


DACE thay i 
° , o . “yar? 1 i oyery wep , 1s 
essential that part or all of the ship is enlarged; it 18 very unwise to ignore such warning 


hope that it will be possible to work the structure in at a later stage. Indeed, this iteration jx 
time when significant changes to the design dimensions are likely to be feasible 


ANG ty 


43 The final activity in the second iteration, before the detailed assessment of Str uetayry| 
weights and centres of gravity is undertaken, is to identify any special, complex o Uitisual 
features of the design which will require analysis by finite elements or model experimenty, If gyeh 
work is not put in hand at this stage there will be insufficient time to complete it for the results ig 
be useful. Features that may require special analysis include large openings in primary structure. 
discontinuities such as ends of deckhouses or a break of forecastle, structure in way of large 
concentrated loads and structure where stiffness or vibratory response may be critical. It iy 
advisable to discuss these features with specialists in stress analysis to establish the best way 
forward, and to obtain a realistic estimate of the structural weights and spaces likely to be 
required. 


Design at the Third Iteration 


4. At the end of the second iteration phase a reliable estimate of the displacement and the 
weight distribution for the new design will be available. The overall dimensions and the hull form 
will have been finalised within small margins and a broad General Arrangement will have been 
agreed. Weight and space budgets will have been considered in detail and specified within close 
tolerances. The third, and usually the final, iteration of the design phase is therefore a period of 
further refinement and improved definition. In particular, the structural work will consist, for the 
most part, of detailed analyses of scantlings chosen at the previous stage, followed by revision of 
those scantlings as necessary. On completion of the third iteration the scantlings of all meyer 
structural assemblies must be finalised; the tasks required to complete this are described In the 
following paragraphs. 


45 The analyses of unusual or complex features, such as those listed in paragraph 43, must ‘ 
progressed as rapidly as possible. As these tasks will frequently be undertaken by engl ; 
under contract it is essential that a firm programme for completion is agreed that ari A 
overall ship programme and the contractors’ resources, so that the design will not be eat ; 
that the designer will not have to make judgements ahead of the solution being available. 


calculated using 4 
from Chaptel © 


gins use in 


46 The design bending moment and shear force distributions must be re 
latest hull form and weight distribution. The method to be used should be chosen 
but again it is important that load factors included are well defined so that safety me elu 
the structural analysis are properly matched and significant over or under design ™ ave 


his will take 4 


ivailable. 
rong 


47 The next task is the detailed analysis of the strength of the main hull girder. 7 
significant time and should be started as soon as good estimates of design loads . veatiael 
design must include not only longitudinal strength under both bending and shear, t 
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under transverse loading and local loading. T , 

Deniers Pas ~ | Al loading, The detailed procedures to be foll | 

I Lge S 4 In later chanter or . IDE Tollowed are deseribe 
inalysis Sidon th tis Sakae er chapters for minor structure and details, On eos | : are 
ANALY obs ads DeCN NeCeSsar he heads ‘OM plely : 
é aay Been essary tO change scantlings, the wej aa COSI | , ion of the 
reassesse to ensure that the overall design criteria 2 And space required must be 


of gravity are within budget, in other words, to tet pee mer ee 
45, lO Check that the margins inc i 
zins included at the previous 


stage were adequate. Where scantlings have 
ti a = Paci pom g cantlings have been revised downwards it may be possible to make 
| Se ¢ space and Jocal rearrangements of layout should be considered | | sis 


a hs w sighirnsiccghshiags 3 ete “ GAPRDCHEES have been established, allowing 
; 3 ural efficiency as discussed in Chapter 8, their scantling : 
reviewed and revised as necess: articular attention muatt Le ei CONSE SOA SE 
, Rea iis, sary. Particular attention must be paid to the end bulkheads of all 
superstructure ocks to ensure that they are strong enough to bear the high vertical loads 
generated by longitudinal bending of the hull. These bulkheads must be at least as thick and stiff 
in shear as the deckhouse sides from which the loads are transmitted and, as the loads are then 
passed as a direct stress to the transverse bulkhead beneath, this lower boundary needs to be 
effective and both plate and stiffeners need to be well aligned. (Quality control during 
construction is also a consideration in this area and every effort should be made to ensure that the 
completed structure is not misaligned by more than half the plate thickness in any direction and 
that welds are to a high standard.) Revision of the scantlings of the superstructure will have a 
bearing on the loads in the upper deck and vice versa, and therefore development of these two 
assemblies must be progressed together. As before, care must be taken to ensure that budget 
weights and centres of gravity are not exceeded or, if they have to be, then that adequate 


compensation is found elsewhere. 


49 It is next necessary to complete the design of the main transverse bulkheads as described 
in Chapter 9. When desi gning bulkheads situated under the ends of deckhouses the high vertical 
loads due to longitudinal bending must be taken into account, and the structure properly 


integrated as discussed in paragraph 48. 


50 At the end of the third iteration it should be the aim to have completed the analysis of all 


major structure, including any special features being analysed by contractors, SO that the overall 
form of the structure can ent analysis will only provide detail of minor 


be defined. Subsequ | | 3 P min 
structure and explore the effects of small changes to the main structure with a view to optimising 
it for production, In other words, the 


majority of the structural design work must be complete so 
that the remaining time can be spent in providing an adequate contract definition. 


Contract Definition 
im i il of the ship, including the 

Duri ion the aim is to provide adequate detal clu 
a SF as naeraes placed with a shipbuilder. For the structure this sei 
d led 5 f those assemblies and areas of the ship which have not so far been oie a 

he ee s f guidance drawings and specifications. Whichever authority has undertaken 
; oka as Asis this stage will be certain to ‘avolve the shipbuilder in the agreement 
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the preparation of working documents. Specific structural items that are like] 
¥ to be 


and probably | 
llowing paragraphs. 


covered at this stage are described in the fo 


52 Weights and spaces for main machinery seats will usually only have been estimated x 
~ 4270 _ . ya Abas io - : {) € 
With full definition of the machinery arrangement and positions it will be necessary to un gee 
the detailed design of as many machinery seats as can be defined. Seating design js dischsied , 
eT In 


Chapter 12. 


53 Structure subject to loads from equipment which has not until this stage been fully defined 
will need to be reviewed. Examples of this may be flight decks, when the detailed aircraft landin 

handling and parking arrangements are known, and decks in way of missile efflux and gun slag 
pressures when the precise positioning of mountings has been decided. Ia these and other areas 
adequate margins will need to have been left in the weight and space budgets for local stiffening 


as final details are developed. 


54 Miscellaneous structures, including the following, will need to be designed: 


a. Masts. 

b. Shaft brackets and supporting structure. 
c. Rudders. 

d. Stabiliser fins. 


e. Weapon supports. 


Procedures for design of these and other secondary structures are given in Chapter 12. 


55 Any outstanding work on the analysis of special or complex features must be completed 
during this phase, as they are likely to be costly to construct and it is important that they are 


properly defined for estimating purposes. 


gned must be 


56 The definition of any minor bulkheads that have not so far been desi 
d so may be 


completed. Such bulkheads will inevitably be non-loadbearing by this stage an 
stiffened by swedging or by simple flat bar stiffeners, but care should be taken to ensure that - 
effect of shock loading on small components is catered for. Generally, the shipbuilder may be i 
to define structure that suits his production methods, and there is little need for the vidios ae 
designer to be involved. A point to be remembered, however, it that if minor structure 1S Ws ps 
connected to major structure it will tend to take load for which it is not intended, and senor os 
cracking in service may result, especially if it is in an area of high strain and may be 4 epee 0 
drain on maintenance resources. It is better to avoid hard connections by leaving gaps if t etary 
not compromise fire or smoke barriers, or otherwise using low stiffness materials OF ay tigue 
partitioning. Aluminium bulkheads are not recommended due to their poor fire a" 


resistance. | | 
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